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BACKGROUND OF THE INVENTION 

Field of Invention 

The present invention relates generally to the field of distributed file systems. More 
specifically, the present invention is related to a distributed file system supporting multiple locking 
protocols wherein one of the protocols is specifically suited for wide area data replication. 

Discussion of Relevant Art 

Distributed file systems have become the principal method for sharing data in distributed 
applications. Programmers understand local file system semantics well and use them to gain access 
to shared data easily. For exactly the same reason that distributed file systems are easy to use, they 
are difficult to implement. The distributed file system takes responsibility for providing 
synchronized access and consistent views of shared data, shielding the application and programmer 
from these tasks, by moving the complexity into the file system. 

The file system responsibilities include data consistency and cache coherency. In a file 
system, the data consistency guarantee describes the interaction between distributed clients that 
concurrently read and write the same data. Most often, file systems implement sequential 
consistency - "a multi-processor is sequentially consistent if the result of any execution is the same 
as if the operations of all the processors were executed in some sequential order, and the operations 
of each individual processor occur int his sequence in the order specified by its program," see L. 
Lamport, "How to make a multiprocessor computer that correctly executes multiprocess programs," 
IEEE Transactions on Computers, C-28(9):241-248, 1979. Sequential consistency is the strongest 
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consistency guarantee. However, some applications benefit from weakening the consistency 
guarantee in order to achieve better performance. 

Cache coherency is the task of making sure that the data cached by a client does not violate 
the consistency guarantee and generally requires a locking protocol. For cache coherency protocols, 
5 the semantics of the locks used to implement the protocol define how data is managed in the system. 
However, in general, cache coherency locking is designed the other way around. Developers of a 
distributed data system choose the data model appropriate to their expected workload, and 
implement a set of locks that conform to that model 

Q 

U For many distributed applications, the consistency guarantee and caching provided by the file 

'TO system is more than adequate. These applications write to the file system interface and ignore all 

y 

i==j the complexity of managing distributed data. 

r. Other distributed applications are not compatible with the file system consistency and 

□ 

! ;2 coherency model, but would still like to take advantage of other file system services. A file system 

J 

, : ; provides many things beyond consistency and caching, including: a name space, through which 

|:£ 

15 objects can be accessed; data management functions, such as backup and restore and hierarchical 
storage management; data reliability and availability; striping and RAID; distributed logical volume 
support, and mapping logical addresses to physical devices. 

Locking systems supporting file system caching are appropriate for applications which do 
not perform their own caching, however, to optimize performance, availability and recovery, 

20 databases and other distributed applications manage their own data caches. Applications have 
knowledge of the structure of the data on which they operate and the semantics with which the data 
are changed. Consequently, applications can cache data at a finer granularity than a file system can, 
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and therefore achieve more parallelism. They also can customize their distributed application's 
caching properties, e.g. implement a cooperative cache or a different consistency guarantee. 

Implementing these applications on file systems that cache data results in data being cached 
twice. Also, file systems that cache written data prevent application caches from realizing as much 
parallelism as possible and reduce performance. 

In order to illustrate the manner in which caching at the file system limits parallelism, assume 
an application that caches its own data at a fine granularity, a cache unit of 4k bytes, constructed on 
a file system that caches data in larger segments. Now, if two clients concurrently write separate 
application cache units, they expect the writes to occur in parallel. However, because both writes 
lie with the same file system cache segment, concurrent writes are executed serially. That is, the first 
client to write to the file system obtains a write lock for that segment, and writes the data to the file 
system's cache. When the second client attempts to write, the write lock of the first client is 
revoked. The first client commits its changes to disk. The second client must then read the segment 
from disk before applying its write to the segment. Because the file system segment is larger than 
the application cache segment, writes often need to be serialized. 

Many databases and parallel I/O applications use either a physical device or logical volume 
interface to avoid caching and obtain good parallel data performance. While device or volume 
access solves performance problems, consumers often prefer to build databases in file systems for 
manageability reasons. The advantages of a file system include name space, integrated backup, and 
extensibility. File systems give a hierarchically organized name to database objects, which is easier 
to understand than volume or device names. Data stored in file systems can be copied, moved, or 
backed up with file system tools, and databases offload this function to the file system. Finally, files 
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make databases easy to extend and do not require an administrator for this task. 

As described previously, some applications benefit from weakening the consistency 
guarantee. An area which can benefit from weakening the consistency guarantee is data replication. 
For reasons of manageability and ease of implementation, and despite the distributed file system's 
performance shortcomings, enterprise customers often choose to use file systems to replicate data 
among many web servers. Distributed file systems offer the web developer a well known interface 
that appears identical to a local file system. The interface shields the complexity of data distribution 
and consistency issues from the application. Web applications are written for a single server, and 
then deployed with no modifications on many computers. The deployment leverages the enterprise's 
existing distributed file system, and no new distributed systems need to be installed or administered. 

The limitation of using a file system for wide area replication of web data is performance. 
Generally, file systems implement data locks that provide strong consistency between readers and 
writers. For replicating data from one writer to multiple readers, strong consistency produces lock 
contention — a flurry of network messages to obtain and revoke locks. Contention loads the network 
and results in slow application progress. 

The posting of Olympics race results provides an example application to show how strong 
consistency locking works for replicating web servers. A possible configuration of the distributed 
system is illustrated in figure 1. Hundreds of web servers 104 have file system clients on the back 
end which read the web pages from a file system cache 102. Additionally, a database management 
system (DBMS) 106 reads and writes from a file system cache 102. The file system caches 102 
communicate with a file system server 100. Race results and other dynamic data are inserted into 
the database 1 through an interface like SQL or ODBC. The insertion updates database tables, which 
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sets off a database trigger 2. The trigger causes the databases to author a new web page and performs 
a write operation 3. The file system is responsible for distributing the new version of the web page 
to the remainder of the web servers 104 in a consistent fashion. The VOs are performed out of file 
system caches, which the locking protocol keeps consistent. Web servers take HTTP requests, which 
result in data reads from the file system. 

Poor performance occurs for a strong consistency locking protocol when updates occur to 
active files. For this example, we assume that the new file that is being updated is being read 
concurrently by multiple web servers before, during, and after new results are being posted and 
written. For race results during the Olympics, a good example would be a page that contains a 
summary of how many gold, silver and bronze medals have been won by each country. This page 
has wide interest and changes often. The system's initial configuration has the file system clients 
at all web servers holding a shared lock for the file in question. Figure 2a displays the locking 
messages required to update a web page in a timing diagram. 

The best possible performance of strong consistency locking occurs when the file system 
client at the database is not interrupted while it updates the web page. In this case, the writing client 
requests an exclusive lock on the file 200, which revokes all concurrently held read locks 202, 204. 
After revocation, the writer, in this case the DBMS, is granted an exclusive lock 206. When the 
writer completes, the client at each web server must request and be granted a shared lock on the data 
208, 210, 212, 214 to reobtain the privilege to read and serve the web page. All messages to and 
from the web server occur for every web server. In the best case, four messages, REVOKE, 
RELEASE, ACQUIRE, and GRANT, go between each web server and the file system server. For 
large installations, multiple messages between web servers and the file server consume time and 
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network bandwidth prohibitively. 

When preemptible locks are implemented in the locking system, additional difficulties are 
incurred during an update by the DBMS, particularly when the DBMS is interrupted in the middle 
of updating the file. Data locks are preemptible, so clients that request read locks on the file, revoke 
5 the DBMS's exclusive lock. The more highly replicated the data is, the more web servers there are, 
and the more likely the DBMS will get interrupted. Requests for the lock can stall the update 
indefinitely. Furthermore, if the DBMS is interrupted in the middle of writing the new file, the 
update is incomplete, and the data that a reading client (Web Server) sees is not a parsable HTML 

□ 

l »5 document. 

.: jX 

S3 

''JO The example application presents a nonstandard workload to the file system. The workload 

q lacks the properties a file system expects, and therefore operates inefficiently. For example, the 

is workload does not have spatial locality to clients. Instead, all clients are interested in all files. 

□ 

|;5 Performance concerns aside, strong consistency is the wrong model for updating web pages. 

n Reading clients cannot understand intermediate updates and byte-level changes. 

1 5 Outside the intermediate update problem, strong consistency is still not useful for serving the 

HTTP protocol. Since the web client/server protocol (HTTP) does not implement consistency 
between the browser cache and the server, a strong consistency guarantee at the server cannot be 
passed on to the ultimate consumers of the data at their browsers. Therefore, a weaker consistency 
model looks identical to web users and can be more efficiently implemented. 

20 For existing distributed systems, the Andrew file system (AFS) is a system which provides 

weak consistency and comes close to implementing an efficient model for such data replication. 
AFS does not implement strong consistency, rather it chooses to synchronize file data between 
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readers and writers when files opened for write are closed, see M. L. Kazar, "Synchronization and 
caching issues in the Andrew file system," USENIX Winter Technical Conference, February 1988. 
AFS cites statistics that argue that data are shared infrequently to justify this decision. The successor 
product to Andrew the Decorum file system, see Kazar et al, "Decorum file system architectural 
overview ," Proceedings of the Summer USENIX Conference, June 1990, currently known as DFS, 
reversed this decision, because they found that distributed applications sometimes require sequential 
consistency for correctness. While strong consistency is now the de facto standard for file systems, 
AFS-style consistency remains useful for environments where concurrent action and low overhead 
dominate the need for correctness. 

Figure 2b shows the protocol used in AFS to handle the dynamic web updates in the example. 
At the start of the timing diagram, all web servers hold the web page (file) in question open for read. 
In AFS, an open instance 220 registers a client for callbacks — - messages from the server 
invalidating their cached version. The DBMS opens the file for writing 220, receives the data from 
the server 222, writes the data to its cache, and closes the file. On close, the DBMS writes its cached 
copy of the file back to the server 224. The file system server notifies the web servers of the changes 
to the file by sending invalidation messages to all file system clients that have registered for a 
callback 226. The clients then open 228 and read 230 the updated data. 

When compared to the protocol for strong consistency locking, AFS saves only one message 
between client and server. However, this belies the performance difference. In AFS, all protocol 
operations are asynchronous — file system clients never wait for lock revocations before proceeding. 
AFS eliminates lock contention and eliminates waiting for the locking protocol. The DBMS obtains 
a write instance from the server directly, and need not wait for a synchronous revocation call to all 
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clients. Another significant advantage of AFS is that the old version of the web page is continuously 
available at the web servers while the file is being updated at the DBMS. 

The disadvantage of AFS is that it does not correctly implement an efficient model for data 
replication. The actual behavior is that the AFS clients write dirty data back to the server when 
closing a file, and AFS servers send callback invalidation messages whenever clients write data. In 
most cases, these policies result in an appropriate consistency. However, if a writing client writes 
back some portion of its cache without closing the file, a callback is sent to all registered clients, and 
reading clients can see partial updates. This most often occurs when a writing client, in our example 
of the DBMS, operates under a heavy load or on large files. In these cases, the cache manager writes 
back dirty blocks to the server to reclaim space. 

With the above in mind it is apparent there exists a need for a distributed storage 
management system which is useful to a variety of applications. Furthermore, there is a need for a 
locking protocol which is designed for efficient data replication. 

SUMMARY OF THE INVENTION 
In a distributed file system, the distributed storage management is made useful to a variety 
of applications. Multiple quality of service options are provided through locking. Three locking 
systems are provided. The system offers a locking system designed for sequential consistency with 
write-back caching, typical of distributed file systems. A second locking system is provided for 
sequential consistency with no caching for applications that manage their own caches. Finally, a 
locking system that implements a weaker consistency model with write-back caching, designed for 
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efficient replication and distribution of data is included. Locks for replication are suitable for serving 
dynamic data on the Internet and other highly-concurrent applications. The selection of the 
appropriate lock protocol for each file is set using the file metadata. 

Further, a novel locking system is provided for the lock system implementing a weak 
consistency model with write back caching. This implementation is designed to be consistent with 
a model called the "publish consistency model." It is desirable, for example, for web servers to 
continue serving the old version of the file (web page) while a DBMS updates the page. Then, when 
the DBMS finishes its update, the new page can invalidate the old page atomically. This is called 
a publish consistency model. This model is implemented utilizing two whole file locks: a producer 
lock P and a consumer lock C. Any client can hold a consumer lock and when holding a consumer 
lock can read data and cache data for read. The producer lock is only held by a single writer and a 
writer holding a producer lock can write data, allocate and cache data for writing. When a writer 
performs a write, the write is performed as an out-of-place write. An out-of-place write writes the 
data to a different physical storage location than from which it was read. By performing an out-of- 
place write the old data still exists and is available to clients. Once the writer completes the write 
and releases the producer lock the previous data is invalidated and the clients are informed of the 
new location of the data. Clients can then read the new data from storage when needed and the 
server reclaims the old data blocks. 
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BRIEF DESCRIPTION OF THE DRAWINGS 
Figure 1 illustrates an architecture using a file system to provide data replication for large 
scale web serving. 

Figures 2a and 2b, respectively, illustrate locking protocols for distributing data to web 
servers through a file system using strong consistency and the Andrew file system's weak 
consistency. 

Figure 3 illustrates a Client/Server distributed file system on a storage area network (SAN) 
Figure 4 illustrates a unique locking protocol of the present invention for distributing data 
to web servers. 

DESCRIPTION OF THE PREFERRED EMBODIMENTS 
While this invention is illustrated and described in a preferred embodiment, the device may 
be produced in many different configurations and forms. There is depicted in the drawings, and will 
herein be described in detail, a preferred embodiment of the invention, with the understanding that 
the present disclosure is to be considered as a exemplification of the principles of the invention and 
the associated functional specifications of the architecture and semantics for its construction and is 
not intended to limit the invention to the embodiment illustrated. Those skilled in the art will 
envision many other possible variations within the scope of the present invention. 

A brief digression into the preferred file system architecture in which we implement locking 
helps to explain the motivation for and advantages of multiple protocols and additionally provides 
a structure for implementing publish consistency. 
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The distributed file system is built on a storage area network (SAN) as illustrated in figure 
3. A SAN is a high speed network designed to allow multiple computers to have shared access to 
many disk drives. Currently, storage area networks are being constructed on Fibre Channel (FC) 
networks, see A. F. Brenner, "Fibre Channel: Gigabit Communication and I/O for Computer 
Networks," Mcgraw-Hill Series on Computer Communications, 1996, and IBM's Serial Storage 
Architecture. In the future, it is expected network-attached storage devices will be available for 
general purpose data networks, so that SANs can be constructed for high-speed networks such as 
Gigabit Ethernet, see H. Frazier et al., "Gigabit ethernet: From 100 to 1,000 Mbps," IEEE Internet 
Computing, 3(1), 1999. A distributed file system built on a SAN removes the server bottleneck for 
VO request by giving clients a direct data path to the disks. 

When building a distributed file system on a SAN, file systems clients 306 can access data 
directly over the storage area network 304. Most traditional client/server file systems store data on 
the server's private disks, see Walsh et ah, "Overview of the Sun Network File System," 
Proceedings of the 1985 Winter Usenix Technical Conference, January 1985. ; Morris et al., 
"Andrew: A Distributed Personal Computing Environment," Communications of the ACM, 29 (3): 
184-201, March 1986; Kazar et al., "Decorum File System Architectural Overview," Proceedings 
of the Summer USENIX Conference, June 1990; M. Devarakonda, D. Kish, and A. Mohindra, 
"Recovery in the Calypso File System," ACM Transactions on Computer Systems, 14(3), August 
1996. Clients function ship all data requests to a server that performs I/O on their behalf. Unlike 
traditional network file systems, the clients of the present system perform I/O directly to shared 
storage devices. This direct data access model is similar to the file system for Network Attached 
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Secure Disks, see Gibson et al, "File systems for Network- Attach Secure Disks," Technical Report 
CMU-CS-97-118, School of Computer Science, Carnegie Mellon University, July 1997, using 
shared disks on an IP network, and the Global File system, see Walsh et al, "Overview of the Sun 
Network File System," Proceedings of the 1985 Winter Usenix Technical Conference, January 1985, 
for SAN-attached storage devices. Clients 306 access storage devices 302 directly over the SAN 304 
to obtain data. Clients communicate with servers 300 over a separate general purpose network 308 
to obtain file metadata. In addition to serving file system metadata, the servers 308 manage cache 
coherency protocols, authentication, and the allocation of file data (managing data placement and 
free space). 

Unlike most file systems, the present system's metadata and data are stored separately. 
Metadata, including the location of the blocks of each file on shared storage, are kept on high- 
performance storage at the servers 300. The shared disks 302 contain only the blocks of data for the 
files and no metadata. In this way, the shared devices 302 on the SAN 304 can be optimized for data 
traffic (block transfer of data), and the server private storage can be optimized for metadata workload 
(frequent small reads and writes). 

The SAN environment simplifies the distributed file system servers by removing their data 
tasks and radically changes the server's performance characteristics. Previously, server's 
performance for a distributed file system was measured by data rate (Megabytes/second). 
Performance was occasionally limited by network bandwidth, but more often limited by a server's 
ability to read data from storage and write it to the network. In the SAN environment, without any 
storage or network I/O, a server's performance is more properly measured in transactions per second, 
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analogous to a database server. Without data to read and write, the file server performs many more 
transactions than a traditional file server with equal processing power. By using computational 
resources more efficiently, a higher data rate is presented to the file system client and allow a 
distributed file system to fully utilize its network infrastructure with less investment in server 
5 hardware. 

This disclosure provides a description of only the semantics of sets of locks utilized in the 
present system. Lock management, i.e., the granting and revoking of locks in a distributed system, 
is not treated as it does not constitute a part of the present invention. Any currently known or future 

n 

! j!f lock management scheme known in the art may be utilized in conjunction with the presently 
J'fi) described lock semantics. In addition, details of locking data structures, the concepts of lock upgrade 

Ly 

□ and downgrade, deadlock and data caching, all of which are familiar to one of skill the art, have not 

H 

53 necessarily been provided in this disclosure. Refer to J. Gray and A. Reuter, Transaction Processing, 

□ 

! ;iJ Morgan Kaufmann Publishers, Inc., San Mateo, CA, USA, 1993. for a treatment of locking data 

hJ 

113 structures and lock semantics and to D.E. Culler, J.P. Singh, and A. Gupta, Parallel Computer 

u 

15 Architecture: A Hardware/Software Approach, Morgan Kaufmann Publishers, Inc., San Francisco, 

CA, USA, 1999, for a discussion of caching and coherency protocols. 

A set of locks designed for the traditional file system workload is provided in the present 

system. These locks implement sequential consistency and allow clients to cache data for both 

reading and writing. This consistency and caching model is identical to that used by major 
20 distributed file systems like DFS, see M.L. Kazar et al., "Decorum File System Architectural 

Overview," Proceedings of the Summer USENIX Conference, June 1990, and Calypso, see M. 
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Devarakonda, D. Kish, and A. Mohindra. "Recovery in the Calypso File System/' A CM Transactions 
on Computer Systems, 14(3), August 1996. 

In the traditional file system workload, data are shared infrequently, which means that any 
given file should have strong affinity to the client that uses it. This would imply that clients should 
lock and unlock data for whole files at a time. While this statement holds true for the majority of 
files, when write sharing occurs, locking data at a finer granularity than the file level reduces lock 
contention. In the present system, as with other systems, hierarchical data locks are used to support 
sub-file or segment locking when write sharing occurs and allow whole files to be locked with a 
small amount of lock state when data are not shared for writing. This system is identical in concept 
to granular locking in database tables, see J. Gray and A. Reuter, Transaction Processing: Concepts 
and Techniques, Morgan Kaufmann Publishers, Inc., San Mateo, California, USA, 1993. 

Each file is divided into a collection of segments. Segments are logical and partition the 
address space of a file into pieces of fixed width. Segments are the locking granule. For each 
segment, defined are two preemptible cache locks. The shared segment lock S s allows lock holders 
to read data and cache data for read. The exclusive segment lock S x permits the lock holder to write 
data and cache data for write. Because segments are logical, not physical, segments that do not 
contain any data can be locked. For example, it is legal to lock a segment that is past the end of the 
file. That segment contains no data and has no physical storage allocated for it when it is locked. 
The exclusive segment lock can be held by only one client at a time, and no shared locks on the same 
segment may be concurrently held. A shared segment lock can be held by multiple clients at the 
same time. The compatibility table for these locks appears in Table 1, where the +'s indicate that 
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the requested lock mode can be granted in conjunction with the currently held lock, and the -'s 
indicate that the request is in conflict with the current lock state. 



Granted Mode 


Requested Mode 


None 


S s 




Ss 


+ 


+ 




s x 


+ 







Certain attributes of a file cannot be captured by a single segment lock and require ownership 
of the whole file. For example, a process that truncates a file to zero length must hold a lock that 
grants exclusive access to every segment of the file. It is not adequate to perform whole file 
operations under multiple segment locks because operations, like truncation, must occur atomically. 
For this purpose, a set of locks that apply to the whole file are provided. 

Whole file locks prevent the deadlock and starvation problems that arise when trying to lock 
every segment of a file individually. Provided are an exclusive lock Lx and a shared lock L s on the 
whole file. In addition to whole file locks, provided are shared (Lj S ) and exclusive (L^) intention 
locks. Also provided is a shared whole file lock combined with an intention to lock individual 
segment exclusively (L SK ) whose privileges are merely the union of L s and L^. Intention locks are 
obtained by clients that "intend" to lock segments individually. A client that wishes to lock 
individual segments in a shared mode must first obtain a shared intention lock. Similarly, to lock 
segments in an exclusive mode, an exclusive intention lock must be held. The compatibility of these 
locks is described in Table 2, where the +'s indicate that the requested lock mode can be granted in 
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conjunction with the currently held lock, and the -'s indicate that the request is in conflict with the 
current lock state. 



Granted Mode 


Requested Mode 


None 


Lis 




L s 


Lsix 


L x 


Lis 


+ 


+ 


+ 


+ 


+ 




Lix 


+ 


+ 










L s 


+ 


+ 










Lsix 


+ 


+ 










L x 


+ 













Holders of the exclusive lock 1^ can modify the length of the file, can read and write any 
segment, and can cache any segment for read or write. Holders of the shared lock are allowed to read 
any portion of the file, and are guaranteed that the length of the file does not change. 

Segment and whole file locks have a hierarchical relationship that dictates their management. 
Only when a client holds an L^, Lj S , or file lock can it obtain a shared segment lock. Similarly, 
only in the context of an L K or L SIX lock can an exclusive segment lock be obtained. So, as a side 
effect, whenever any intention lock is revoked, all of its subordinate segment locks must be 
relinquished. 

The intent of this locking scheme is to operate efficiently for both regular file system 
workload, with little sharing, and the less frequent occurrence of concurrent write sharing. When 
clients are writing data that changes the length of the file, they hold whole file locks. For clients that 
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read data, they generally hold locks for the segments that they are reading. The segment lock granule 
is the same as cache management unit, and segment locking captures locality in the cache. All of 
these locks allows clients to cache data for the actions the lock allows. Readers cache data at a 
segment of file granularity for read. Writers cache data for writing, i.e. operate a write-back cache. 
Aggressive client-side caching is a widely held tenet in distributed file system design for file system 
workload. The described set of data locks allow for client side caching with a sequential consistency 
guarantee on the data. 

As previously described, databases and other applications which perform their own caching 
present problems to systems with locking systems implemented for file system caching. To alleviate 
the doubling caching and increase parallelism, a set of strong consistency locks without caching - 
no-caching locks, are offered. In this mode, we say that the file system "stays out of the way" of 
parallel applications and databases that manage caches within their applications, that is the file 
system does not perform caching operations. All I/O operations submitted to the file system are 
executed synchronously with stable storage. 

To achieve strong consistency locks without caching, we use the same locking modes as we 
did for segment and whole files with caching, but the client actions under these locks differ. The 
term "same locks" is used because the locks have the same names, compatibility tables, and 
semantics. However, because there is no caching, the clients can take different actions under the 
same locks. 
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A comparison of the file operations allowed under locks between file system locking and no- 
caching locking is provided in table 3, where R represents a read, W represents a write, A represents 
allocation, S s represents allowing a shared segment lock, iS^ represents allowing an exclusive 
segment lock. 



Mode 


File System Locking 


Database and Parallel Application 






Locking 


S s 


R 


RW 


s x 


RWA 


RWA 


L }S 


S s 


S s 


Lix 


S x 


Sx 


L s 


R 


RW 


Lsix 


RS X 


RWS S S X 


L x 


RW 


RWA 



Allocation refers to a client changing the storage that backs a portion of file address space. 
In regular file system workload, allocation needs not be differentiated from write; the write privilege 
always implies an allocation privilege. However, for database and parallel applications, the write 
privilege is granted on a shared lock and must be differentiated from allocation. Write, in this case, 
means an in-place write, where data are written back to the same physical location from which they 
were, or could have been, read. This is to be differentiated from out-of-place write, where portions 
of a file are written to physical storage locations that differ from the locations from which they were 
read. To be precise, in our terms, allocation means placing physical storage behind logical file 
address space, and writing means writing data to an existing location. An out-of-place write should 
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properly be considered an allocation followed by a write. 

The changes in the lock semantics are systematic — all shared locks can now write data, but 
cannot allocate. Because there is no caching at the file system, all I/O operations go directly to a 
single non- volatile copy of the data, and multiple concurrent writers do not violate sequential 
consistency. The only guarantee multiple concurrent writers need is that the data does not change 
location, hence allocation requires an exclusive lock. 

No-caching locks allow applications to manage caches directly. Databases and parallel 
applications using these locks realize the parallelism and efficiency expected when performing I/O 
to raw devices or logical volumes. These applications also receive the manageability advantages of 
a file system. 

In addition to providing locks for file systems and non-caching locks, the present system 
provides a novel locking system which is particularly efficient for wide area data replication. This 
locking option for replication captures the performance efficiency of AFS, implements publish 
consistency exactly, and takes advantage of the SAN architecture. This is provided utilizing two 
whole file locks: a producer lock P and a consumer lock C. Any client can obtain a consumer lock 
at any time and a producer lock is held by a single writer as illustrated by the compatibility table in 
table 4. 



Granted Mode 


Requested Mode 


None 


C 


P 


C 




+ 




+ 


+ 


P 








+ 
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Clients holding a consumer lock can read data and cache data for read-. Clients holding a 
producer lock can write data, allocate and cache data for writing, with all writes being performed 
out-of-place. Because clients hold P and C locks concurrently, the protocol must ensure that the P 
lock does not overwrite any of the old version of the file. Out-of-place writing permits the clients 
holding the P lock to proceed with writing, while the system retains the old version. 

File publication occurs when the P lock holder releases the lock. Upon release, the server 
notifies all clients of the new location of the file. It is important to note that clients read data directly 
from the SAN — servers do not ship the clients data as with AFS. Having told all clients about the 
new version of the file, the server reclaims the blocks that belong to the old version of the file that 
are not in the new version. 

Clients that receive a publication invalidate the old version of the file and, when interested, 
read the new version from the SAN. The client need not invalidate the whole new file. Instead, it 
only needs to invalidate the portions of the file that have changed. Because changed blocks have 
been written out-of-place, the client knows that any portions of the file for which the location of the 
physical storage has not changed have not been written, and this cached copy is valid. There is also 
the opportunity for the server to compress the size of its publication message to clients by sending 
only the changed blocks. 

Looking at our protocol using C and P locks, as illustrated in Figure 4 it should be noted that 
the protocol uses fewer messages and all operations are asynchronous, like AFS. The DBMS 
requests 400 and obtains a producer (P) lock 402 from the server 100, which is granted immediately. 
While the DBMS holds the P lock, web servers 104 continue to read and serve the current version 
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of the file. Then DBMS updates the file and writes it to storage using out-of-place writes 406. 
When the DBMS completes its updates, it closes the file and releases the P lock 408. The writer 
must release the P lock on close to publish the file. The server sends location updates to all clients 
that hold consumer locks 410. The clients immediately invalidate the affected blocks in their cache. 
At some later time, when clients generate interest in the changed data, they read the data from the 
SAN 412, 414. 

The producer/consumer model has many of the same advantages of AFS and correctly 
implements publish consistency. Like AFS, all operations are asynchronous, read data is available 
while updates occur, and a client/server message is eliminated as compared to the strong consistency 
protocol. AFS overloads the DBMS writing data to the server as a cue to update the web server's 
data. With C and P locks, the web servers are not updated until the P lock holder releases the lock, 
generally on closing the file. This means that the P lock holder can write data to the SAN and even 
update the location metadata at the server without publishing the data. C and P locks dissociate 
updating readers' cache contents from writing data, and, therefore, correctly implement publish 
consistency. 

Producer/consumer locking also leverages the SAN environment to improve performance. 
First, network operations are distributed across two networks, an IP network for protocol messages 
and a SAN for data traffic. This mitigates the network bottleneck that arises when servers ship data 
over the same network on which they conduct the locking protocol. The two networks also allow 
clients to update data in their cache asynchronously and at a fine granularity. Unlike AFS, the whole 
file need not be replaced at once. Instead, because C lock updates invalidate cached data at a fine 
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granularity, changes to data are read on a block by block basis from storage. This reduces the total 
amount of data involved in publishing the new file version and spreads the acquisition of that data 
over more time. 

In the system it is advantageous for the SAN storage to have a caching controller, i.e. storage 
5 devices cache data for read. The Web servers read data directly from storage, and they all read the 
same blocks. When caching data, the storage controller services reads at memory speed, rather than 
at disk speed. Without a cache, all reads would go to disk and any performance advantages of C and 
P locks would be lost in the slow I/O operations. 

sr 

•ft The use of multiple protocols produces a need for a mechanism for selecting the protocol for 

;jp a given file. One advantageous method is selecting the locking protocol through file metadata. 

t a 

O When clients open a file, they receive metadata for that file that dictates which of the three locking 

'■J 

J;^ protocols apply. Alternatively, the locking protocol can be dictated by the file name, i.e., the location 

if I 

q of the file in the name space. Another method to determine which locking protocol that applies is 

H. 

□ by assigning particular protocols to file extensions. Specific file extensions have an expected use, 
15 and therefore the appropriate lock protocol can be assign based upon use. Yet another method of 

designating which protocol to be used is to set the particular protocol for data based upon the system. 

For example, a web server is set up to use the publish consistency model, the database server is 

configured to use the no caching protocol, and the file system is configured to implement strong 

consistency. 

20 When metadata selection is utilized, there are several possible techniques for assigning the 

locking protocol metadata when creating a file. In one technique administrators set up default 
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locking protocols for portions of the file system name space, with strong consistency locking as the 
global default. Another technique is administrators configure locking protocols based on policy — 
examples of selection criteria include owner, group, and file extension. Policy overrides name space 
selection. Finally, client applications can change the locking protocol after file creation through a 
file system IOCTL call. Applications that require a quality of service can request it specifically by 
using a system specific function call. All of these techniques can be used singly or in conjunction 
with one another. 
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CONCLUSION 

A system and method has been shown in the above embodiments for the effective 
implementation of a distributed file system particularly suited for a wide variety of applications 
which exhibit both traditional and non-traditional file system workloads in addition to a locking 
system particularly suited to highly-concurrent replication applications. While a preferred 
embodiment has been shown and described, it will be understood that there is no intent to limit the 
invention by such disclosure, but rather, it is intended to cover all modifications and alternate 
constructions falling within the spirit and scope of the invention, as defined in the appended claims. 
For example, the present invention provides for three locking systems which allow the system to be 
useful to almost all present applications, however, more than three locking systems may be included 
which are particularly suited for other applications which present different workloads on the file 
system. In addition, a shared file system, i.e., one that allows direct transfer of data between clients 
and storage devices, has been utilized to provide particular advantages. However, traditional 
distributed file systems, i.e. ones in which the servers fulfill clients request, can obtain the 
advantages provided by the locking system implementing publish consistency when utilized for wide 
area data replication. 
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